Metabolic pathways are often engineered in single microbial populations. However, the introduction of heterologous circuits into the host can create a substantial metabolic burden that limits the overall productivity of the system. This limitation could be overcome by metabolic division of labor (DOL), whereby distinct populations perform different steps in a metabolic pathway, reducing the burden each population will experience. While conceptually appealing, the conditions when DOL is advantageous have not been rigorously established. Here, we have analyzed 24 common architectures of metabolic pathways in which DOL can be implemented. Our analysis reveals general criteria defining the conditions that favor DOL, accounting for the burden or benefit of the pathway activity on the host populations as well as the transport and turnover of enzymes and intermediate metabolites.
I
n conjunction with synthetic and systems biology, metabolic pathway engineering, or the reprogramming of a cell's metabolism for increased production of a desired metabolite, has enabled the biosynthesis of diverse chemicals for the food, biofuels, pharmaceuticals, textiles, and cosmetic industries (1) (2) (3) (4) (5) . Although metabolic engineering is typically done in clonal populations, the single-population approach presents several limitations, especially for complex metabolic pathways. First, it is challenging to optimize multiple pathways while avoiding crosstalk in a single population (6) (7) (8) (9) . Second, negative pathway effects on the host cell, such as toxicity, could drive mutations that result in loss of function over time (10) (11) (12) (13) . Third, the burden of having all engineered components in a single population could reduce the total biomass and, in turn, the overall synthesis rate of the final product (14) (15) (16) (17) .
These limitations may be overcome by metabolic division of labor (DOL), in which different populations execute different but complementary metabolic tasks. DOL can reduce overall complexity by dividing up one or multiple processes such that each population contains only a subset of the overall pathway, thereby reducing the complexity within individual cells. This, in turn, can diminish the metabolic burden experienced by each population. Unlike previous studies of DOL that consider evolutionary benefit or cost (18, 19) , we focus on the physical separation of different steps in a pathway without considering the adaptive value of such a separation.
DOL has been observed in several metabolic pathways in nature, and several synthetic systems demonstrate the feasibility of its implementation. For example, the nitrification pathway often operates through DOL: ammonia-oxidizing bacteria convert ammonia to nitrite and nitrite-oxidizing bacteria convert nitrite to nitrate (20) . Similarly, Acetobacterium woodii and Pelobacter acidigallici are each responsible for a part of converting syringate to acetate (21) . Cross-feeding in a mixed population is another example of DOL, since each population is responsible for producing different metabolites that are shared among the community (22) (23) (24) . Finally, DOL has been adopted in the engineering of synthetic consortia for various applications. These include biosynthesis of useful compounds (25) (26) (27) (28) , bioprocessing (29, 30) , bioremediation (31, 32) , and biological computation (33, 34) .
While conceptually appealing, DOL has constraints. In certain cases, one or more intermediates may be shared between two or more populations. However, limitations in molecular transport across the cell membrane and dilution of the intermediate(s) in the extracellular space can reduce the efficiency of metabolic reactions by reducing the effective concentrations of enzymes or substrates. To address this issue, metabolic pathways can often be engineered to minimize intermediate losses both in single-cell and DOL contexts (35) . Depending on the pathway, DOL could also require constituent populations to compete for nutrients or space, and this too can reduce product yield and system stability. Given that DOL can either help or hurt system performance, the conditions that favor DOL remain to be rigorously established. To this end, we have analyzed several metabolic pathway architectures to determine the conditions that would favor or disfavor DOL.
Model Formulation
For each system we formulated a minimal model using ordinary differential equations for intracellular and extracellular metabolite concentrations depending on the system architecture. In all cases we assume a well-mixed system (or sufficiently fast metabolite transport), negligible intracellular degradation of metabolite, excess of initial substrate, and transport via passive diffusion. Moreover, in our models a population represents a
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phenotype such that they are differentiated by the tasks that they accomplish. Here we present the dimensionless forms of the model; see SI Appendix, section 2.1 for detailed justifications of our assumptions and derivations of all models.
Modeling Kinetics of an Intracellular Pathway. Consider conversion of a substrate (S) into an intermediate metabolite (M) by one enzyme (E 1 ), then to a final product (P) by a second enzyme (E 2 ). This pathway can be implemented in a single-cell population (SC) (Fig. 1A) . The rates of change in intracellular and extracellular products are given by
Here, δ me is the turnover rate constant of M in the extracellular space; η is the transport rate constant of M across the cell membrane; e i (i = 1, 2) is the steady-state concentration of E i per cell;
is the production rate of M and P, respectively; and υ is the steady-state cell volume of the SC population. We assume the enzymes are always present at steady state in each cell. If M can diffuse across the cell membrane, the above-described pathway can also be implemented in two populations, realizing DOL (Fig. 1B) . In DOL, the first population only expresses E 1 , while the second only expresses E 2 . P is synthesized in the second population by using M produced and released from the first population. For this scenario, the corresponding rates of changes of intracellular and extracellular products are given by
dp dτ = α 2 e 2 m 2 − p, [7] where υ i (i = 1, 2) is the steady-state cell volume of each DOL population.
Modeling Cell Growth. We assume all populations follow logistic growth and cell size is constant such that cell volume is proportional to total biomass (Eqs. [8] [9] [10] . Thus, we model SC cell volume ðυÞ using a dimensionless logistic equation:
where δ υ is the turnover rate constant of the population, μ is the growth rate constant of the population, and ρ is the carrying 2 + «υÞÞ = 1Þ, SC produces more P than DOL (Top). To the right of the border, DOL produces more P than SC (Middle). Above a certain level of burden, DOL always outperforms SC because the SC population goes extinct (white region, Bottom). Past a maximum level of burden, both DOL populations go extinct (black region).
capacity. We also assume that μ is affected by the potential burden of enzyme expression and metabolite growth effects.
In DOL, we further assume that the populations consume different resources and do not compete. If so, each population will have its own carrying capacity. Therefore, the DOL growth equations can be simplified to
where δ υi , μ i , and ρ i (i = 1, 2) are the turnover rate constant, the specific growth rate, and the carrying capacity of the ith population. This assumption allows us to establish a simple model to ensure coexistence of the two populations. It is directly applicable when different members of a community have nonoverlapping metabolism (36) (37) (38) (39) . In general, the coexistence can be achieved by other mechanisms such as mutualism (22) (23) (24) . Regardless of the mechanism, our results (discussed below) remain the same.
Growth Rates Due to Metabolic Burden and Additional Growth
Effects. Expression of heterologous enzymes can negatively affect maximum growth rates in microbial hosts (40) (41) (42) (43) . This can result from funneling resources away from cell growth toward expression and maintenance of the enzymes or the energetic constraints of the pathway itself (i.e., the pathway is endergonic) (16, 44, 45) . We model this metabolic burden of enzyme expression using decreasing Hill functions similar to previous studies (40, 46) (Eqs. 11-13). Again, this assumption does not change our results (discussed below). In the dimensionless SC model, the cell growth rate, influenced by E 1 and E 2 , is given by
where G represents additional intermediate growth effects such as toxic byproducts or crucial metabolites on the SC population; 1=ð1 + ðβe 1 + γe 2 Þ n Þ represents the total metabolic burden of expressing both enzymes, where β is the metabolic burden per unit of E 1 (henceforth called relative burden of E 1 ), γ is the metabolic burden per unit of E 2 (henceforth called relative burden of E 2 ), and n is the Hill coefficient. G and 1=ð1 + ðβe 1 + γe 2 Þ n Þ are multipliers of μ max and take values between 0 and 1. In DOL, the total metabolic burden experienced by the SC population is split between the two DOL populations:
where G 1 and G 2 represent growth effects from M and/or P on each DOL population; 1=ð1 + ðβe 1 Þ n Þ and 1=ð1 + ðγe 2 Þ n Þ represent the burden of expressing each enzyme. Similar to the SC model, G 1 and 1=ð1 + ðβe 1 Þ n Þ are multipliers of μ max,1 , and G 2 and 1=ð1 + ðγe 2 Þ n Þ are multipliers of μ max,2 , all of which take values between 0 and 1.
Results
Deriving a Criterion of DOL. The dynamics of each configuration can be described using simple kinetic models, each consisting of coupled ordinary differential equations (Eqs. 1-3 for SC; Eqs. 4-7 for DOL). We solve these equations to obtain the steady-state concentrations of the total P for SC and DOL respectively: We consider DOL to be favored if it leads to higher total product yield, or p DOL υ 2 > p SC υ. Given Eqs. 14 and 15, this inequality can be alternatively represented by (Fig. 1C )
where
is approximately the ratio of the mean DOL density to the SC cell density, which represents the net gain in biomass by utilizing DOL. Meanwhile, the right-hand side represents the reduced per-cell productivity of DOL. Thus, Eq. 16 represents a criterion of DOL: For DOL to outperform a single population its gain in total biomass must overcome its pathway inefficiency. This general form of the criterion is independent of downstream assumptions associated with modeling growth such as separate carrying capacities and burden formulation. If « = 0 and θ I = 1, DOL does not reduce efficiency, and maximizing product yield is the same as maximizing biomass.
If the transport of M is much faster than its turnover (δ me ηÞ, we have « ≈ 0. If we also assume that the populations and enzymes are approximately identical (e 1 ≈ e 2 , β ≈ γ, μ max ≈ μ max,1 ≈ μ max,2 , δ υ ≈ δ υ 1 ≈ δ υ2 , and ρ 1 ≈ ρ 2 ≈ ρ=2), Eq. 16 simplifies to
Eq. 17 suggests that the metabolic burden caused by each enzyme ðβeÞ n and host growth parameters determine if DOL is favored. In comparison, kinetic parameters do not significantly affect which strategy performs better (SI Appendix, Fig. S1 ). Higher burden, due to increasing enzyme expression level (e) or increasing burden per unit amount of enzyme ðβ, γÞ, favors DOL. In contrast, increasing maximum growth rate or decreasing population turnover allows the population to support higher burden, favoring SC. That is, DOL is favored when the pathway burden overcomes both the host's resilience to burden and the inefficiency of DOL. Moreover, the extent by which one strategy outperforms the other varies with these parameters: For example, SC performs increasingly better as the burden decreases (Fig. 1D) . By contrast, at high burden DOL yields higher biomass that ultimately outweighs its pathway inefficiency because not all cells perform all traits, thus reducing the burden per population.
Generalizing the Criterion for Alternative Pathway Mechanisms and
Architectures. Our criterion implicitly accounts for diverse effects on growth by intermediates, products, and enzymes. For example, one or several metabolites could promote or suppress population growth ( Fig. 2 A and B) , which has been shown experimentally (47) (48) (49) . Alternatively, burden of enzyme expression could follow a different mathematical form, or the pathway could generate beneficial side-products (50-52) (SI Appendix, section 3.4.1).
Growth effects act through modulation of υ 1 , υ 2 , and υ in Eq. 3 and therefore do not change the form of the criterion. Instead, they affect how the boundary shifts in a specific parametric space ( Fig. 2 C and D and SI Appendix, Fig. S3 ). If the intermediate or product promotes the growth of the host(s), SC becomes favored for a broader range of parameter values; otherwise, DOL is favored for a broader range of parameters ( Fig. 2C ; see SI Appendix, Eqs. S3.7-S3.12 for corresponding metabolite growth effect expressions). Similarly, DOL is favored if the pathway imposes a greater burden on the host(s) (Fig. 2D) : Here, the linear dependence and exponential dependence are assumed to cause more growth reduction than the Hill dependence, but ultimately the expression for burden does not change the form of the criterion (see SI Appendix, section 3.1.1 for burden expressions). Additional kinetic interactions also do not change the general form of the criterion (SI Appendix, section 3.4). For example, introducing intracellular metabolite turnover into the model only increases the complexity of θ I (SI Appendix, section 3.4.5).
The basic form of the criterion is maintained for common pathway architectures ( Fig. 3 ; see SI Appendix, section 4.1 for details on model formulations and derivations). The first architecture, an extracellular pathway, reflects processes such as synthesis of exoenzymes that break down complex compounds for metabolism (53, 54) . The next two architectures represent two cases of independent pathways-one inside the cell and one outside the cell-and are analogous to metabolic specialization (55) . Cross-feeding is also an example of intracellular independent pathways (22) (23) (24) since, according to our results, incorporating additional metabolite transport and growth effects would not change the form of the criterion. The last two architectures represent hybrid intracellular-extracellular pathways, where one step happens inside the cell and the other step happens in the extracellular space. The first hybrid architecture can be found in biosynthesis of exopolysaccharides for biofilm formation, where the polysaccharide is produced inside the cell before undergoing extracellular enzymatic modifications (56) . The final architecture accounts for metabolic pathways involved in biofuel biosynthesis, which comprises two core steps: first, the digestion of biomass by extracellular enzymes and, second, the conversion of the resulting simplified sugars into biofuels (29, 30) . The same criterion is also applicable for pathways longer than two steps (SI Appendix, section 5).
Despite the different pathway architectures, the corresponding criteria are almost identical, only varying in their expressions for θ. Specifically, the different mathematical forms of the criteria reflect the pros and cons of DOL in each pathway architecture. Regardless, fundamental prediction of these criteria is qualitatively the same: DOL is favored if it improves overall cell density sufficiently to overcome the inefficiency DOL causes in transport and resource sharing. Notably, «, which reflects DOL's inefficiency in the base model, is not present in these criteria because both SC and DOL require metabolite and/or enzyme transport. As a result, we also generalize from the criteria that it is easier for DOL to outperform SC if all or part of the entire pathway occurs in the extracellular space.
Discussion DOL has been hypothesized as an effective design strategy for engineering sophisticated functionality (57) (58) (59) (60) . Indeed, there are several synthetic systems featuring DOL between members of each community. However, despite numerous examples the conditions favoring DOL have not yet been rigorously established. This is in part because DOL is seemingly implemented ad hoc, and most DOL examples lack SC versions of the same pathway with which to compare. From our analysis we derive a general criterion that dictates the conditions when DOL outperforms SC and establishes design principles for engineering metabolic pathways via DOL. Unlike previous studies (46, 55, 61) , our results are applicable to many different pathway architectures and configurations (as the case-specific criteria are derivatives of the general criterion) and can determine which design strategy to use given pathway parameters. It also provides a concrete basis, namely maximization of the overall productivity, to interpret and guide applications of DOL (Fig. 4) . Our results indicate that DOL is favored when the pathway reduces overall cell fitness such as in cases of high metabolic burden or toxicity. This can result from an increasing complexity of the overall pathway, highly burdensome enzymes (requiring lots of resources to express or function), or generation of toxic intermediates or products. Additionally, DOL will likely outperform SC if all or part of the pathway occurs outside the cells because such pathways are transport-limited in both configurations (thus DOL is no longer as inefficient relative to SC).
Indeed, these conclusions are reflected in the implementation of several engineered pathways. Pathways implemented in DOL often involve high complexity, comprising several steps, each catalyzed by a different enzyme (25, 26, 28) . If a pathway has been engineered both in SC and in DOL, the DOL implementation typically contains more steps that require additional enzymes to express (this could be in part due to less effort in optimizing DOL implementations). For example, an engineered Escherichia coli-Saccharomyces cerevisiae coculture produces scoulerine from dopamine in a seven-enzyme pathway (27) , whereas an S. cerevisiae monoculture only uses four enzymes starting from the intermediate norlaudanosoline (62) . Similarly, a Trichoderma ressi-E. coli coculture converts biomass pretreated with ammonia fiber expansion into isobutanol (26) . In contrast, the same product can be produced with fewer steps from glucose in E. coli and S. cerevisiae monocultures (63, 64) . In these cases, a longer pathway is likely to generate a substantial burden on a single population, thus favoring a DOL implementation. Additionally, many examples of DOL involve intermediates, products, or byproducts that are toxic to at least one of the populations (25, 26, 29, 31) , consistent with our criterion (Fig. 2C) . Finally, several pathways implemented using DOL are partially or completely catalyzed in the extracellular environment where DOL's pathway inefficiency in comparison with SC is less pronounced (26, 29) .
For pathways in nature, natural selection does not directly constrain the pathway yield. In cases where the yield promotes host growth, however, maximizing the productivity of such pathways would have an adaptive value (49) (50) (51) (52) . Therefore, we can apply our criteria to interpret these particular pathways under the basis of optimizing metabolic productivity. For example, both syringate metabolism and nitrification generate energy for the cells and can exist in either SC or DOL configurations (20, 50, (65) (66) (67) (68) . Given the analogous overall architectures of the pathways in either configuration, what constrained these different implementations remains an open question. In both cases, the SC populations were predicted to have a lower growth rate but higher yield based on kinetic theory of optimal pathway length (51) . Similarly, our criteria predict the SC population would have a lower growth rate due to the higher metabolic burden of expressing more enzymes. This is consistent with experimental results-the SC cases were found to grow in biofilms, where a slower-growing organism would have a higher fitness than the fast-growing one due to a biofilm's low substrate and biomass mixing (51, 65, (67) (68) (69) . Others propose that diffusion barriers and substrate concentration gradients in biofilms could create niches where SC outcompetes DOL (68, 70) . Incorporating biofilm transport limitations into our criterion would also favor SC by increasing « in Eq. 16. Moreover, in nitrification the SC nitrifiers lack enzymes for assimilatory nitrite reduction, whereas nitrite-oxidizing bacteria in DOL nitrification express assimilatory nitrite reductases (67, 68, 71, 72) . Expressing fewer enzymes could reduce the metabolic load on SC, increasing its relative fitness in ammonia-containing environments where those enzymes are not necessary. Fig. 4 . General design guidelines derived from the criteria. Given a pathway of interest, high enzyme burden, toxicity of intermediates/products, pathway complexity, or number of extracellular steps will promote DOL over SC. Indeed, many natural and synthetic examples in literature follow this trend.
